By using the high-pressure melt infiltration technique, a syntactic foam is fabricated with bulk metallic glass and alumina cenospheres. Compared to pure metallic glass foams, the new foam possesses a greatly enhanced energy absorbing capacity of 113.6 MJ m −3 due to the combination of high strength, stability and ductility. It is shown that the high strength of the foam primarily results from alumina cenospheres, which enhance its stability and induce a stable stress platform. Both the collapse of struts and multiple shear bands in metallic glass matrix accommodate large deformation. © 2016 Elsevier B.V. All rights reserved.
Metallic foams are recognized as attractive structural and functional materials for their unique combination of mechanical, physical and chemical properties such as high density-compensated strength, mechanical energy absorption and acoustic damping [1] [2] [3] [4] . The increasing interest and importance in structural applications have motivated investigation of bulk metallic glasses (BMGs) as alternative materials of these foams on account of their ultrahigh strength, exceptional elasticity, excellent corrosion resistance, and process ability [5] [6] [7] [8] [9] . Therefore, considerable efforts on BMG foams with high strength and ductility have shown that their energy absorption capability is much better than those of pure Al and its alloy foams [10] [11] [12] [13] [14] [15] [16] [17] . However, there are still some limitations in the application of metallic glass foams mainly because the existing preparation methods are too complicated to control. For example, to avoid heterogeneous nucleation leading to crystallization that reduces the strength of metallic glass matrix, BaF 2 particles with high melting point and thermal stability were used as placeholders [6, 17] . Similarly, foaming by blowing agents is limited in some precious metals such as Pd-based metallic glasses [12] [13] [14] . In addition, compared with syntactic Al and high strength alloy foams, the existing metallic glass foams have no significant advantage in energy absorption [18] [19] [20] [21] [22] . Fortunately, it is shown that the addition of non-metallic such as brittle ceramic particles and fibers is an effective way to produce materials with attractive engineering attributes [23] [24] [25] [26] . The high content of brittle second phases can increase both the strength and ductility of composites [25, 26] . In this paper, using hollow ceramic microspheres as a reinforcer that are also effective in avoiding crystallization, we fabricate a BMG syntactic foam through pressure infiltration, which was previously applied to make metal matrix composites with monolithic (non-hollow) ceramic reinforcement [27] . The results show that the combination of high strength and ductility of BMG syntactic foams leads to an enhanced energy absorption capacity, which is much higher than those of available BMG foams [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
We chose the Zr 41.25 Ti 13.75 Cu 12.5 Ni 10 Be 22.5 system (Vit 1) as the parent material because of its high processability and fragility [28, 29] . Alumina cenospheres with the average size of 500−600 μm and a relative wall thickness of t/R = 0.13 were selected as placeholder particles. To prevent crystallization during infiltration casting, a material preparation device combining quick melting, pressure seepage and rapid cooling was invented. Master alloy button of Vit 1 was acquired by arc-melting the high-purity (R99.5%) constituent elements several times under a Ti-gettered Ar atmosphere. Then, the Vit 1 ingot was placed on the top of a graphite die that was filled with alumina cenospheres. Both the ingot and graphite die were picked up in a quartz tube sealed with a solenoid valve, which can be easily connected with a diffusion vacuum pump or an argon gas bomb. Initially, the solenoid valve was connected with the diffusion vacuum pump until vacuum in the quartz tube reached up to 6 MPa. Then, the master ingot was heated by an induction coil surrounding the quartz tube. After the master alloy was melted, the solenoid valve was connected with the argon gas bomb, and metal liquid was pressed into the graphite die to fill the space among alumina cenospheres. Almost at the same time, the tube was sub-merged by the mixture of saturated NaCl solution and ice cubes through a U-turn tube and cooled down quickly. For comparison, the pure Vit 1 foam with similar apertures was prepared by a similar method just replacing alumina cenospheres with soluble NaCl 
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Scripta Materialia j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s c r i p t a m a t placeholders, and dissolved salt particles by immersion in distilled water [16] . The amorphous phase nature of foam samples was analyzed by using X-ray diffraction (XRD) with Cu-Kα radiation (M18AHF). As seen from the XRD patterns in Fig. 1 (a)−(c), the structures of Vit 1 and BMG syntactic foams are amorphous. The volume fraction V f of cenospheres in the syntactic foam can be calculated by using the ruleof-mixture, that is
where ρ s is the density of BMG matrix, M/V is the density of syntactic foams with M the mass and V the volume of a foam, and ρ c is the density of cenospheres. Based on measurements, the density of Vit 1 is 6.0 g cm −3 , the apparent density of BMG syntactic foams is 3.2 g cm −3 , and the density of alumina hollow spheres with an average size of 500−600 μm is 1.4 g cm . Thus, the volume fraction of cenospheres in syntactic foams can be obtained as 59.7%. The porosity of pure Vit 1 foam was about 67%. Then, the samples were scanned with the X-ray computerized tomography, and the images are shown in Fig. 1(d) −(e). The detailed geometry dimensions were also measured based on the image of BMG syntactic foams. The average diameter d of spherical pores in the BMG syntactic foam and the average center distance l between spherical pores are 567 and 735 μm, respectively.
Quasi-static uniaxial compression tests with a strain rate of 10
were performed on the MTS-810 material test system at ambient temperature. Cylinder specimens with a diameter of 10 mm made of pure Vit 1 and BMG syntactic foams were prepared by a diamond grinding wheel and a diamond wafering saw. Strain was calculated from the crosshead displacement, and corrected to take into account deflection of the load frame. As shown in Fig. 2(a) , it is obvious that the BMG syntactic foam exhibits an initial linear stress-strain response until a stress peak appears at strain of about 2.5%. Here, we define the first peak stress on a compressive stress-strain curve as strength σ y of the foam. Thus, the strength of the BMG syntactic foam is 137 MPa. After the linear deformation stage, there is a long stress plateau with numerous flow serrations that can be attributed to a sudden high elastic energy release. Beyond the deformation plateau, stress drastically increases as strain reaches about 75%, which indicates the occurrence of densification with the strain of ε d . To represent the stability during a deformation process, we define the "strain-hardening" index as
where σ pl is the average plateau stress over the plastic flow region, defined as σ pl ¼ ∫
, and ε y is the strain corresponding : (a) stress-strain curves of two foams and (b) their corresponding EAC as a function of strain. (c) The loglog plot of EAC per unit volume to densification as a function of flow stress at 25% strain for different foams. In region I between two dashed lines, EAC to densification is proportional to flow stress and in region II, EAC to densification drops quickly.
to the strength σ y . Then, we can obtain that the index n is about 0.15 for the BMG syntactic foam, which implies that the material possesses an obvious strain-hardening ability. As comparison, a stress-strain curve of the pure open-cell Vit 1 foam was also given in Fig. 2(a) . Similarly, its strength can be obtained as~30 MPa, densification strain as~85%, and "strain-hardening" index as −0.35. Here, it is worth noting that a negative index usually indicates that a material is unstable during deformation. Actually, such negative indexes are commonly reported in previous studies on pure BMG foams [11, 12] . Thus, the transition of index n from negative to positive shows that the addition of alumina cenospheres can enhance the foam's stability through inducing a stable stress platform.
Based on these stress-strain curves, we can further examine the energy absorption capacity (EAC), which is calculated by the area under a stress-strain curve, that is
As shown in Fig. 2(b) , the EAC of BMG syntactic foams is much higher than that of Vit 1 foams during the loading history. Furthermore, Fig. 2(c) summarizes the EACs of currently available metal [2] , Al cenosphere [22] , Vit 106 [17] , Vit 1 and BMG syntactic foams, at the densification strain, as a function of flow stress at 25% strain. It is seen that the EAC to densification is proportional to flow stress between the two dashed lines (region I). In region II, the yield stress that is above a bottleneck stress of 50−60 MPa drops quickly because high strength can usually be acquired at the cost of reduction of porosity that is proportional to the densification strain. However, BMG syntactic foams may provide one of promising methods for breaking through this barrier. Thus, a deep understanding on their enhancing mechanism can give insights into the development of high EAC materials.
One main factor that contributes to high EAC of BMG syntactic foams is their enhanced strength. Fig. 3 shows the normalized strength data of BMG syntactic and pure Vit 1 foams ( [16] and present study) and Vit 106 foams [17] . Here, the relative density ρ (the horizontal axis) is defined as, ρ ¼1 − V f , for BMG syntactic foams to eliminate the effect of alumina cenospheres. The compressive strength of BMG matrix, σ y,s = 1800 MPa, for Vit 106 and Vit 1 [16, 31] were used to normalize the strength of BMG foams. Based on a large number of empirical data [1] , the strength σ y exhibits a power-law scaling behavior, which can be represented as
where P is the porosity of a foam. As shown in Fig. 3(a) , this relationship holds for open-cell BMG foams within a large density range and with the power law index of about 1.5, which is consistent with the analysis proposed by Gibson and Ashby [1] , simplifying foams as a unit cell and assuming plastic hinge formation at nodes. Obviously, the strength of BMG syntactic foams is about 80 MPa higher than that of open-cell BMG foams with the same porosity predicted by Eq. (4). To elucidate the strengthening mechanism, pure and syntactic Al foams with the same porosity were prepared and their stress-strain curves are shown in Fig. 3(b) . In contrast to that of pure Al foam, the raised strength of syntactic Al foam is about 74 MPa, which is very close to 80 MPa, indicating that strengthening is independent of metal matrix and primarily results from the addition of alumina cenospheres [32] . In addition, closed-cell structures and round pores play a complementary role in minimizing the loss of strength associated with stress concentrations [17] .
The other main factor is their ductility or the length of a stress platform. To systemically investigate the deformation process, the scanning electron microscope (SEM) observations with interrupted uniaxial compression tests were carried out. As shown in Fig. 4(a) , observation was firstly conducted at a strain of about 2.5%, where the specimen just suffered a stress drop. It is observed that shear fracture, as marked with blue arrows, occurs in the struts. Here, it is worth noting that the average size (~170 μm) of struts is much larger than the plastic zone size (~60 μm) for Zr-based BMGs, through which the stable crack growth happens inside a dominant shear band [33] . Fortunately, unlike catastrophic brittle fracture in monophase BMGs, shear bands in BMG syntactic foams correspond to local unstable slips that can be stopped by alumina cenospheres, leading to a non-zero sticking stress. As loading continues, crushed struts contact (see Fig. 4(b) ), which leads to elastic reloading until stress exceeds the strength. Then, a subsequent stress drop occurs and stress redistributes in the whole sample. However, the loading state becomes much more complicated than the initial one. The inset in Fig. 4(b) presents the detail of a broken strut, where multiple shear bands formed under bending load that ensures a relatively stable deformation. Elastic reloading and burst unloading accompanied with the stress redistribution alternatively repeat until all pores are compacted, during which alumina fragments completely fill the interspace of crushed cells and transfer stress among the collapsed struts. Actually, alumina fragments possess the high strength (1154 MPa) [22] and effectively compensate for the loss of hardening in the plastic deformation of BMGs [34] . Fig. 4(c) shows the interruption at a stain of about 75%, which is close to densification (see the inset for details). The high density of shear bands indicates that the matrix has also accommodated a considerable deformation besides the collapse of struts. As shown in Fig. 4(d) , the dimple structure on fracture surface of broken struts is an indication of ductility [35] , illustrating that the struts fracture plastically.
In summary, we have developed a new material (i.e., the BMG/alumina cenosphere syntactic foam) and proved that alumina cenospheres as reinforcement are feasible to avoid crystallization. In contrast to other methods, the fabrication procedure is simple with low cost. Moreover, it is shown that the syntactic foam performs better in energy absorption than metallic glass and traditional metal foams, which is due to the optimal combination of high strength, stability and ductility.
